A disulfide-linked conjugate of concanavalin A (Con A) and fragment A from diphtheria toxin has been synthesized and shown to be toxic for HeLa (human) factors, and toxins, is whether or not they must penetrate the plasma membrane to act. Although compelling evidence is lacking for most systems, there are certain ones in which at least partial penetration by the protein must occur. These involve toxic proteins-such as diphtheria toxin (1) and ricin and abrin (2)-and bacteriocins-such as colicin E3 (3)-that have been found to catalyze in vitro a lethal reaction known to occur within susceptible cells treated with the protein.
venous injections of the conjugate were lethal for mice. The activity of the conjugate in tissue culture was inhibited by Con A or a-methylmannoside but not by galactose. This and similar conjugates should be useful in studying mechanisms of entry of biologically active proteins into cells. A central question concerning the actions of many biologically active proteins and polypeptides, such as hormones, growth factors, and toxins, is whether or not they must penetrate the plasma membrane to act. Although compelling evidence is lacking for most systems, there are certain ones in which at least partial penetration by the protein must occur. These involve toxic proteins-such as diphtheria toxin (1) and ricin and abrin (2)-and bacteriocins-such as colicin E3 (3)-that have been found to catalyze in vitro a lethal reaction known to occur within susceptible cells treated with the protein.
Diphtheria toxin (Mr 60,000) contains a catalytic center that transfers the adenosine diphosphate ribose moiety (ADP-ribose) of NAD into covalent linkage with peptidyl elongation factor 2 (EF-2):
NAD + EF-2 ADP-ribosyl-EF-2 + nicotinamide + H+. EF-2 is thereby inactivated, thus explaining the toxin's inhibition of protein synthesis in animal cells and the toxicity for animals. Because both EF-2 and NAD are cytosolic constituents, the toxin's catalytic center must somehow penetrate to the cytosol.
Although the mechanism by which the catalytic center penetrates the membrane remains unsolved for diphtheria toxin or other toxins, information relevant to this question has been obtained from studies of structure-activity relationships within
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with The events that transpire after the initial binding of diphtheria toxin to specific cell surface receptors are obscure. One proposed model involves direct penetration of the plasma membrane by fragment A through a channel created by fragment B or B together with its receptor (perhaps a glycoprotein) (5) . Another assumes the toxin enters attached to the membrane of some type of endocytotic vesicle, followed by disruption of the vesicle to release the toxin into the cytosol (6) . At present the data are insufficient even to permit a choice between these grossly different models.
One approach to determining the role of fragment B is to crosslink fragment A to proteins that might serve as functional analogs of fragment B-that is, to various proteins known to interact with cell surfaces. This approach has been taken by Chang et al. (7, 8) in the synthesis of an artificial hybrid containing fragment A from diphtheria toxin linked through a disulfide bridge to human placental lactogen. Although it could be demonstrated that both the lactogen and fragment A retained their respective biological activities when linked together, the conjugate was not toxic when tested on explants of rabbit mammary glands.
Here we report the synthesis and characterization of an analogous conjugate in which fragment A is linked through a disulfide-containing crossbridge to concanavalin A (Con A), the well-studied lectin from jack beans. MATERIALS AND METHODS Fragment A was prepared from diphtheria toxin (Connaught Laboratories) as described (9) and was heated to 800C for 10 min to inactivate any traces of toxin present. Carboxymethylfragment A was prepared by the method of Waxdal et al. (10) except that guanidine hydrochloride was not used. Purified Pseudomonas aeruginosa exotoxin A was the generous gift of Stephen Lory. Con A (grade IV), a-methylmannoside, glucose, glucose-free galactose, 1-ethyl-3(3-dimethylaminopropyl)-carbodiimide HCI (EDAC), and N-tris(hydroxymethyl)-methyl-2-aminoethanesulfonic acid (TES buffer) were all from Sigma. Dialyzed fetal calf serum and Hepes buffer were from GIBCO. NAD-Sepharose was synthesized as described (11) .
Lectin activity was assayed by hemagglutination. One unit of activity is defined as that amount of lectin required to agglutinate 2 X 107 human erythrocytes in 250 Ml of phosphate-buffered saline. The ADP-ribosyltransferase assay was as described (12) . HeLa and SV3T3 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and 1% antibiotic-antimycotic mixture (GIBCO). CHO-Kic cells, a cloned derivative of the CHO-K1 line of CHO cells, and CH-RE1.22c, a diphtheria toxin-resistant variant of CHO-K1 (13), were maintained in Ham's nutrient mixture F-12, with 10% fetal calf serum and 50 MAg of gentamicin per ml. Toxicity assays were performed as described (13) , except that 5 mg of galactose per ml was substituted for glucose in the medium. Rabbit skin tests were performed as described (14) . Lethality in mice was assayed by intravenous injection (0.1 ml) into male Swiss white mice weighing 20 ± 3 g.
Synthesis of the Con A-SS-Fragment A Conjugate. All procedures were performed at 40C or on ice. Con A (300 mg) was dissolved in water containing 1 mM CaCl2, 1 mM MnCl2, 20 mM glucose, 0.2% NaN3, 1 ,g of phenylmethanesulfonyl fluoride (PMSF) per ml, and 1 Mg of diisopropyl fluorophosphate (iPr2P-F). Cystamine dihydrochloride (1.78 g) was added, and the volume was brought to 15 ml. The mixture was adjusted to pH 4.7, and cystamine coupling was initiated by addition of solid EDAC to 2 mM. The solution was maintained at pH 4.7 for 10 min, at which time it was applied to a 42 X 2.8 cm BioGel P-6 column equilibrated with 20 mM TES buffer at pH 6.5 containing 1 mM CaC12, 1 mM MnCl2, 0.2% NaN3, 1 Mg of PMSF per ml, and 1 ug of iPr2P-F per ml (TES-CM buffer, pH 6.5). Fractions containing Con A were pooled, and the extent of derivatization was determined by using 5,5'-dithiobisnitrobenzoic acid after reduction of cystaminyl-Con A with 0.1 M dithiothreitol (15 Purification and Characterization of the Conjugate. The conjugate was purified by two steps of affinity chromatography (Fig. 2) . The crude preparation was applied to a column of Sephacryl S-200. Free fragment A and disulfide-linked dimers of it emerged in the buffer wash, whereas Con A-SS-fragment A and cystaminyl-Con A were adsorbed by the interaction of Con A with glucosyl residues on the resin. The adsorbed material was then eluted with 30 mM a-methylmannoside in buffer and emerged as a single peak containing both ADPribosylation and hemagglutination activities. When unconjugated fragment A was rapidly mixed with Con A or cystaminyl-Con A and applied immediately to the Sephacryl, no binding of the fragment was observed.
The conjugate was freed from unreacted cystaminyl-Con A by applying the eluate from the first column directly to a NAD-Sepharose column equilibrated with buffer containing a-methylmannoside. The Analysis of the conjugate on sodium dodecyl sulfate (Na- 8 cm column in TES-CM buffer, pH 6.5; 6-ml fractions). The column was washed until no further ADP-ribosylation activity could be detected in the effluent. At arrow 1, buffer containing 30 mM a-methylmannoside was applied, and the peak of coincident hemagglutination and ADP-ribosylation activity eluted was pooled. (B) NAD-Sepharose chromatography of partially purified conjugate. Pooled conjugate fractions from Sephacryl S-200 were applied directly to NAD-Sepharose (10 X 2.8 cm column) equilibrated with TES-CM buffer, pH 6.5, containing 30 mM a-methylmannoside. Fractions (6 ml) were collected until no hemagglutination activity could be detected in the column effluent. At arrow 2, the adsorbed material was eluted with buffer supplemented with 10 mM adenine and 0.5 M NaCl. Peak activity fractions eluting with this buffer were pooled and concentrated by ultrafiltration. The preparation was dialyzed against TES-CM buffer, pH 7.4, lacking azide and protease inhibitors, and stored in 75% glycerol at -700C. DodSO4)/polyacrylamnide gels gave the expected band patterns (Fig. 3) . In the presence of mercaptoethanol the pattern was simply the sum of the patterns found with pure fragment A and Con A. In the absence of thiols, the fragment A band was missing, and another was observed corresponding to the fragment A conjugate with Con A monomer (Mr 48,000). This preparation of Con A, like most, contained proteolytic fragments of the Con A monomer (Mr 11,000 and 16,000), and we sometimes observed conjugates of these with fragment A.
Activity of the Conjugate on Cultured Cells. The effect of the conjugate on protein synthesis was monitored on monolayer cells. Cells were assayed for ability to incorporate radiolabeled amino acids into trichloroacetic acid-precipitable material after a 24-hr exposure to the conjugate. Toxicity is expressed as ID0o(24), defined as that concentration of conjugate that inhibits protein synthesis by 50% after the 24-hr exposure. Concentrations of conjugate are expressed in terms of the Con A moiety. Fig. 4 shows the effect of the conjugate on HeLa cells. The ID5o(24) of the conjugate was about 2 nM, compared with values of 1 mM for free fragment A or cystaminyl-Con A. When reduced fragment A was S-carboxymethylated and incubated with cystaminyl-Con A under conditions normally used for conjugate formation, the mixture was no more toxic than cystaminyl-Con A alone. Reduction and alkylation of the conjugate abolished its toxicity. Diphtheria toxin had an IDI%(24) of as substrate of ADP-ribosyl transfer. This variant is resistant to both diphtheria toxin and P. aeruginosa exotoxin A. As shown in Fig. 6 , the variant was also markedly insensitive to the conjugate, although the parental CHO-Kic cells were as sensitive as HeLa cells. The slight activity obseived on CH-RE1.22c was attributable to the toxicity of the Con A moiety. This provides strong evidence that the ADP-ribosyl transferase activity of the fragment A moiety of the conjugate was responsible for the inhibition of protein synthesis observed in cell lines with normal EF-2.
Toxicity Tests in Animals. Toxicity for cultured cells correlated with the effect of the conjugate in rabbit skin tests. About 0.1 ng of conjugate induced a visible lesion; cystaminyl-Con A or fragment A alone was no more than 1/1000th as toxic. A mixture of cystaminyl-Con A and carboxymethylated fragment A was not toxic in doses up to 10 ng. Diphtheria toxin was 200-fold more toxic than the conjugate and gave a response at doses of 0.5 pg.
The LD5o of the conjugate injected intravenously in mice was 80,gg, whereas diphtheria toxin and P. aeruginosa exotoxin A Proc. Natl. Acad. Sci. USA 75 (1978) (20) has shown that the toxicity of whole diphtheria toxin is enhanced by crosslinking to cell-specific antibody; thus, the possibility that one may be able to target the action of fragment A to specific classes of cells in a similar fashion should not be overlooked.
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